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LOSS OF CONSCIOUSNESS DUE TO PROPOFOL 
JASMINE SHARIFAN 
ABSTRACT 
 
In this literary review, a possible mechanism used by propofol and the 
consequences of this mechanism are discussed.  Propofol is able to bring about 
loss of consciousness by inhibiting the Ih current in hyperpolarization-activated 
cyclic nucleotide-gated type 2 (HCN2) channels.  The inhibition leads to an 
increase in the hyperpolarization of the thalamocortical neurons, which results in 
temporally impaired delta oscillations (Ying et al., 2006).  This leads to significant 
phase offsets which result in fragmentation and the isolation of neural networks.   
Propofol also leads to a breakdown in the basal ganglia-thalamo-cortical 
(BGTC) loop, which disrupts cortical and subcortical communication.  This 
breakdown is a result of decreases seen in beta band coherence and the phase 
amplitude coupling (PAC) between subcortical and cortical regions of the loop.  
The reduction in coupling leads to interrupted communication which contributes 
to neural network fragmentation (Swann et al., 2016). 
Although fragmentation is seen, there are instances of increased global 
connectivity.  The default mode network (DMN) increases its connections to 
structures outside its network during sedation.  However, these connections are 
not representations of efficient global communication.  Instead, they lead to a 
decrease local efficiency resulting in local network deterioration and an overall 
  v 
decrease in efficient global and local network interactions (Stamatakis et al., 
2010).  
Certain characteristics of the transition from consciousness to loss of 
consciousness were identified.  Delta oscillations are significantly more powerful 
during sedation, and the sharp increase that can be seen in their power is 
indicative of loss of consciousness (Lewis et al., 2012).  Another indicator of loss 
of consciousness can be seen in frontal EEG channels by way of PAC analysis 
of alpha power and slow oscillations.  Negative trough-max PAC exists at 
baseline, but switches to positive peak-max PAC during moderate sedation in 
those who are more sensitive to propofol.  An increased propofol sensitivity can 
be detected at baseline and is represented by a weak alpha network that is not 
very small-worldly (Chennu et al., 2016). In summary, it is clear that the timing of 
our neural networks is crucial to consciousness and that it is through temporal 
modifications that propofol is able to induce its effects.    
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INTRODUCTION 
 
The concept of consciousness is difficult to define and can have multiple 
interpretations.  There is sentience, which involves something or someone being 
aware of and able to interact with the outside world.  Wakefulness, which is being 
alert and awake.  Self-consciousness takes the required awareness of the world 
and adds to it the knowledge of being aware of the world.  Another way to 
interpret consciousness is the “what it is like” principle proposed by the 
philosopher Thomas Nagel.  Nagel suggested that if you can imagine what it is 
like to be something, then it is conscious.  His most well-known example of this is 
from his essay “What Is It Like To Be A Bat”.  He states that a bat experiences 
the world through echo location, therefore there is a way to experience the world 
as a bat so it must be conscious (Van Gulick, 2017). 
From a scientific standpoint, as defined by the American Society of 
Anesthesiologists, consciousness is “a state in which a patient is able to process 
information from his or her surroundings” (“Practice Advisory” 2006).  General 
anesthesia is a drug-induced loss of consciousness characterized by four stages.  
These four stages are described as Guedel’s Classification. The first stage is 
induction.  During the induction period the drug of choice is administered and 
loss of consciousness eventually occurs.  Stage two is the excitement stage.  At 
this point the patient is unconscious and often has an irregular heartbeat, 
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irregular respiration, and uncontrolled movements.  Vomiting and interrupted 
breathing can also occur, making this an unfavorable stage to be in.  The third 
stage is surgical anesthesia.  This is when a patient is not responsive to stimuli 
and is considered ready for surgery.  Here, skeletal muscles relax, the eyes roll 
and become fixed with dilated pupils that no longer respond to changes in light, 
the corneal and laryngeal reflexes are lost, and intercostal paralysis results in 
respiratory depression.  The fourth stage of general anesthesia is the overdose 
stage and occurs when too much medication is given.  This will result in death 
unless there is adequate respiratory and cardiovascular support (Hewer, 1937). 
Research has been done with the goal of better understanding how the 
brain works while unconscious due to anesthesia.  The brain is extraordinarily 
complex and there is so much we don’t know about it which makes trying to 
understand how it operates under altered conditions even more difficult.  Another 
reason this is such a challenging task is that there are many different types of 
anesthetic drugs which are thought to behave in slightly different ways depending 
on both the chemical itself and the whether it is administered intravenously or 
inhaled.  To further complicate things, inhalational and intravenous anesthetics 
are often used in combination with one another in order to achieve the desired 
results (“Propofol Monograph for Professionals” n.d.).  Sevoflurane and 
desflurane are examples of inhalational anesthetics often used for the induction 
and maintenance of general anesthesia.  They both are very volatile and have 
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rapid onsets as well as quick recovery times (Sakai, Connolly, & Klauck, 2005).  
Propofol is a fast-acting intravenous drug that is also commonly used to induce 
and maintain general anesthesia as well as for brief sedation.  In addition to its 
rapid onset, propofol is short-lasting and relatively inexpensive which makes it 
favorable (“Propofol Monograph for Professionals” n.d.).  Propofol is the drug that 
will be focused on in the following literary review. 
 
Propofol  
Propofol has a chemical formula of C12H18O and is chemically named 2,6 
diisopropylphenol.  The injectable anesthetic that is clinically used is an oil-in-
water emulsion and is 10mg/mL propofol.  This oil-in-water base provides 
lipophilicity that enables it to quickly equilibrate between plasma and the brain, 
which explains its rapid onset (“Diprivan,” 2008).  Metabolism occurs in the liver 
where it undergoes glucuronidation.  Glucuronidation is the transfer of glucuronic 
acid from uridine diphosphate glucuronic acid using uridine diphosphate 
glucuronosyl transferase (Al-Zoughool & Talaska, 2006).  This process increases 
water solubility which makes it easier to excrete (“Human Metabolome Database" 
n.d.).  The relative ease with which propofol is metabolized is only partially 
responsible for its brief clinical effect.  The other factor is its widespread 
distribution to peripheral tissues.  However, this only lasts until there is 
 4 
 
equilibration between the tissues and plasma when the drug is no longer 
transferred (“Diprivan,” 2008).   
 
Figure 1:  Propofol (“Diprivan,” 2008) 
Side effects can vary depending on the concentration in the blood.  
Cardiorespiratory depression is much more likely at higher concentrations or with 
too quick of an infusion rate.  Cardiovascular effects are also seen and vary 
depending on the ventilation of the patient.  If a positive pressure ventilator is 
being used, then a decrease in cardiac output is most likely to be seen.  If the 
patient continues to breathe without assistance, little change is seen in cardiac 
output, but arterial hypotension is often observed (“Diprivan,” 2008). 
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Neuroanatomy 
To better understand the role anesthetics play on the brain and how they 
are able to affect consciousness, it is important to understand what some of the 
various structures and areas of the brain that are thought to be associated with 
consciousness do.  The thalamus is a structure in the forebrain that connects 
subcortical and cortical areas (“Cognitive Neuroscience | W. W. Norton & 
Company”, 2013).  It does this using thalamocortical radiations.  These fibers run 
from thalamic nuclei to various parts of the cortex including the motor, visual, 
auditory, and somatosensory cortices.  The fibers that run from the cortex back 
down to the thalamus are called corticothalamic fibers and are responsible for the 
return of processed information.  These reciprocal connections result in circuits 
(“Models of thalamocortical system - Scholarpedia,” n.d.).  The thalamus has 
been associated with consciousness which is why it is of particular interest when 
studying the effects of anesthetics (Steriade & Llinás, 1988).  Disorders and 
diseases of the thalamus can often lead to changes in consciousness.  For 
example, the prion disease fatal familial insomnia causes destruction of thalamic 
tissue which leads to the inability to sleep (“Models of thalamocortical system - 
Scholarpedia,” n.d.).  Further support for its significance is given by the fact that 
damage to the thalamus is often seen in comatose individuals (J et al., 2011).   
The default mode network (DMN) is also associated with consciousness 
and was discovered by neurologist Marcus Raichle in 2001.  Raichle wanted to 
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identify universal standard neurological activity and was able to do so using 
quantitative positron emission tomography.  The DMN is most active when a 
subject is awake and not focused on a particular task (Stamatakis et al., 2010).  
It is especially active when thinking of others, reminiscing, or day dreaming in 
general. It has been suggested that the DMN assists in the transfer of information 
between distant regions in the brain and plays a key role in what we identify as 
consciousness.  Raichle proposed the idea that what can be seen with imaging 
through the use of fMRIs and has been determined to be the activity of the DMN 
is in fact visual representation of slow cortical potentials.  These slow oscillations 
have also been linked with consciousness (Stamatakis et al., 2010). 
The key components of the DMN are the posterior cingulate cortex (PCC), 
the medial prefrontal cortex, precunei, posterior hippocampus, and 
parahippocampal gyri.  The PCC is the upper part of the limbic lobe and is 
considered to be central to the DMN, acting as the “hub”, and is said to be crucial 
to consciousness (Stamatakis et al., 2010).  One reason it is so important is that 
it interacts with multiple brain networks at the same time (Leech, Braga, & Sharp, 
2012).  The ventral portion of the PCC is associated with thoughts about the self, 
others, past, and future.  The dorsal part of the PCC is related to involuntary 
awareness and arousal (Hewer, 1937).   
The medial prefrontal cortex is involved in self-evaluation, personal 
decision making, the processing of positive emotions, and setting goals 
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(Andrews-Hanna, Smallwood, & Spreng, 2014).  The precuneus is involved in 
episodic memory, self-awareness, and consciousness in general (“The Mind’s 
Eye”, n.d.).  The precuneus and the PCC together are thought to be essential to 
processing conscious thought.  The hippocampus is involved in memory and the 
parahippocampal gyri are involved in scene recognition (Andrews-Hanna et al., 
2014).  Defective DMN connectivity has been linked impaired consciousness 
(Crone et al., 2015).   
The anterior cingulate cortex (ACC) is not part of the default mode 
network, but is anatomically connected to the posterior cingulate cortex.  It is 
functionally divided into two parts.  The dorsal portion of the ACC is the cognitive 
subdivision and the part ventral portion is related to emotions (Bush et al., 2000).  
The dorsal portion is connected to the prefrontal, parietal, and motor cortices.  
The anterior portion is connected to the amygdala, nucleus accumbens, and 
insula which are all regions involved in emotional processing (Allman et al., 
2001).  The ACC is highly active during focused tasks (Davis, Taylor, Crawley, 
Wood, & Mikulis, 1997).   
The pontine tegmentum is part of the brainstem.  It is believed to influence 
sleep stages, particularly REM sleep.  This conclusion comes from PET scan 
analysis which shows increased cerebral blood flow in this region during the 
REM cycle (Braun et al., 1997).  The supramarginal gyrus is part of the parietal 
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lobe and is involved in language and emotional processing (Hartwigsen et al., 
2010).   
The motor cortex is anterior to the central sulcus and is in charge of 
voluntary movements.  It is divided into the primary motor cortex, premotor area, 
and the supplementary motor area.  The primary motor cortex is significant in 
executing voluntary movement.  The supplementary and premotor areas assist 
by determining which muscles the primary motor cortex should trigger (“The 
Brain From Top To Bottom,” n.d.).  The somatosensory cortex is directly posterior 
to the motor cortex and central sulcus.  It is packed with thalamocortical 
radiations and receives a large amount of tactile sensory information (Viaene, 
Petrof, & Sherman, 2011).     
 
Brain Activity 
The brain has constant electrical activity.  This activity is seen in the form 
of neural oscillations, or waves, which occur at various frequencies.  When these 
oscillations are synchronized they are considered to be coherent.  Regions of the 
brain communicate via synchronization at specific frequencies.  When this 
electrical activity is disrupted, we see changes in consciousness (Swann et al., 
2016).   
Alpha waves have a frequency that ranges between 7.5–12.5 Hertz and 
are strongest in a relaxed, awake state with closed eyes.  Thalamocortical 
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activity is significant in their generation (“Tobacco Smoking,” 2009).  The strength 
of alpha waves decreases with increased focus (Bollimunta, Mo, Schroeder, & 
Ding, 2011).  Beta waves, at 12.5-20 Hertz, are most dynamic with active 
concentration (Baumeister, Barthel, Geiss, & Weiss, 2008).  They are also 
associated with muscle contractions as well as resistance to movement (Baker, 
2007).  Beta waves can be gauges of cortical inhibition from gamma-
aminobutyric acid (GABA) receptor facilitation (Feshchenko, Veselis, & Reinsel, 
1997).  Delta waves, 0.1-3 Hertz, are the predominant waveform of stage four 
sleep and are the slowest waves with the highest amplitudes.  This is the 
frequency seen in the slow oscillations of thalamic circuits during deep sedation 
(Abbas).   
Gamma waves originate in the thalamus and can range from 32-100 
Hertz, but are commonly found to be around 40.  These waves are thought to be 
heavily involved in consciousness due to their front to back sweeping motion that 
occurs roughly 40 times per second.  This enables synchronization across the 
entire brain which allows communication between distant regions.  
Consciousness is impaired without this wave and damage to it is seen in coma 
patients (Rhythms of the Brain, 2011).   
There is much left to discover about the mechanisms used by propofol 
and the changes seen in neural networks due to them.  Understanding how 
communication across the brain works is important because it is believed that 
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changes in these network interactions are indicative of changes in 
consciousness.  Expanding our knowledge of this subject could potentially 
provide safer anesthesia delivery as well as opening doors to many other areas 
of research.  In the following literary review, possible mechanisms of propofol will 
be discussed as well as the resulting changes in brain activity.   
 
 
PUBLISHED STUDIES 
 
Mechanisms 
Gamma-aminobutyric acid, or GABA, is the main inhibitory 
neurotransmitter in the central nervous system (International Review of Cytology, 
2002).  It binds to two different kinds of receptors, GABAA and GABAB.  These 
receptors are ligand-gated channels that are present in the membranes of 
neurons and allow potassium ions to flow out of the cell and chloride ions to flow 
into the cell when they are open.  This causes a negative shift in the membrane 
potential which leads to hyperpolarization and decreases the likelihood of an 
action potential (Marescaux, Vergnes, & Bernasconi, 2013).  As a GABA agonist, 
propofol enhances inhibition by binding to GABAA receptors and assist in 
hyperpolarizing the neuron (Ying et al., 2006).   
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In addition to acting on GABA receptors, it is also believed that propofol 
may work by altering the hyperpolarization-activated cation current (Ih) in 
thalamocortical relay neurons.  This current, also called the pacemaker current, 
is generated by chloride ions moving through hyperpolarization-activated cyclic 
nucleotide-gated type 2 channels (HCN2) and it controls the excitability of the 
neurons through depolarization and hyperpolarization of the membrane.  
Because consciousness is associated with recurrent patterns of electrical activity 
in the thalamus, it is believed that altering the current plays a central role in the 
inhibition commonly seen with the use of propofol.  One study looked into how 
propofol changes these currents by exposing thalamocortical relay neurons in the 
ventrobasal complex of the thalamus to the anesthetic (Ying et al., 2006). 
Cation currents through HCN2 channels were analyzed using voltage-
clamp recordings.  This technique measures ion currents moving through the 
membranes of neurons and is done while holding the membrane at a fixed 
voltage (Hernández-Ochoa & Schneider, 2012).  This allows analysis of how the 
cell reacts at different potentials.  Ventrobasal thalamocortical neurons were 
obtained from mouse brain slices and bathed in artificial cerebral spinal fluid.  
Starting at -45 mV, the potential was increased in increments of 5 mV lasting 10 
seconds until -105 mV was reached.  After each hyperpolarizing step, the cell 
was returned to the set potential of -45 mV.  This allowed steady-state activation 
curves to be generated via tail current amplitude analysis.  These tail currents 
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allowed a voltage activation midpoint to be calculated that could be used for 
comparison between experiments.  This is the midpoint of the voltage required 
for an action potential to be achieved.  Propofol was then added to the bath in 
order to see how it affects the activity of these channels.  When comparing 
experimental data to the estimated activation midpoint found at steady-state, a 
significant hyperpolarizing shift could be seen after exposure to propofol.  The 
voltage activation midpoint of the steady-state control was -79.2 mV, while that of 
the neurons exposed to propofol was -87.9 mV.  This, along with a decrease in 
current amplitude, resulted in more time required for activation of the HCN 
channels (Ying et al., 2006).    
HCN2 channels are sensitive to cyclic adenosine monophosphate (cAMP), 
which leads to the question of whether or not cAMP must be present in order for 
propofol to be effective.  To test this, the same experiment was performed with 
and without the addition of cAMP to the solution.  There was not a significant 
difference between the hyperpolarizing effects seen with or without cAMP, which 
means that propofol is cAMP-independent.  Because it is known that propofol 
works on GABAA receptors, a GABAA blocker was used to see whether or not 
these receptors were involved in the observed propofol induced 
hyperpolarization.  After exposure to both the blocker and propofol, a decrease in 
Ih and hyperpolarization was still observed, which is indicative of GABAA 
independence (Ying et al., 2006).   
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Low-threshold calcium currents and the Ih current contribute to the creation 
of delta oscillations in the thalamus.  These delta oscillations correspond to 
various states of consciousness, involve bursts of spike activity, and require 
stimulation from corticothalamic fibers in order to initiate, spread, and terminate.  
Burst firing can be recreated using dorsolateral geniculate nucleus slices and 
tetanic stimulation of the corticothalamic fibers.  Compared to the propofol-free 
control, neurons exposed to a propofol bath expressed a decrease in both the 
regularity and frequency of oscillations.  Next, the ventrobasal neurons exposed 
to propofol were compared to those exposed to ZD7288.  ZD7288 is a known Ih 
blocker.  The neurons exposed to ZD7288 showed a decrease in regularity and 
frequency of oscillations similar to the propofol exposed neurons (Ying et al., 
2006). 
Other regions of the brain were also tested for propofol sensitivity 
including the hippocampus and area postrema.  The same concentration of 
propofol that was used on ventrobasal neurons was used on cornu ammonis 1 
(CA1) hippocampal and area postrema neurons.  CA1 neurons are neurons 
found in the first level of the cornu ammonis region in the hippocampus 
(Andersen, Morris, Amaral, Bliss, & Keefe, 2009).  Propofol did not appear to 
have a significant effect on the Ih current in these neurons.  One reason for this is 
the difference in HCN channels in these areas.  In the thalamocortical neurons, 
HCN2 is the dominant channel type, whereas HCN1 channels are the most 
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prominent channels found in the hippocampus and area postrema.  This 
suggests that HCN2 is the propofol-sensitive isoform and that propofol works 
primarily on the thalamus (Ying et al., 2006).   
  
Neural Network Function 
Modifications in the hyperpolarization and frequency of action potentials of 
neurons lead to disruptions in normal brain activity.  With the knowledge that 
neuronal function is altered by propofol, it is logical to look for an observable 
difference in brain activity in the conscious and unconscious state.  One instance 
when this was tested was in a study that analyzed communication between 
nodes of the motor system by way of electrocorticography and local field 
potential.  This was done using patients with movement disorders who were 
scheduled for a deep brain stimulation lead implantation procedure.  This type of 
surgery requires patients to be awake for the implantation of the leads and then 
sedated prior to wound closure, providing an opportunity for the nodal 
connections to be examined during the transition from consciousness to 
unconsciousness (Swann et al., 2016).   
Electrocorticography (ECoG) measures electrical activity of the brain via 
electrodes placed directly on the surface of the cortex.  This is different from 
electroencephalography (EEG) which uses electrodes placed on the scalp.  Local 
field potential (LFP) is the sum of the electrical current produced by nearby 
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neurons (Asano et al., 2005).  These measurements were taken from many 
nodes in the basal ganglia-thalamo-cortical loop (BGTC).  This pathway contains 
dopaminergic projections from the substantia nigra pars compacta and the 
ventral tegmentum which are both part of the midbrain.  It also has glutamatergic 
projections from the cortex and the striatum, a nucleus in the forebrain (Utter & 
Basso, 2008).  Studying this loop is advantageous because the anatomical 
connectivity is well known, which provides insight into the network connectivity 
(Swann et al., 2016).   
Propofol was used for sedation during the initial drilling of the burr holes 
for this procedure and then stopped for subcortical mapping and lead testing.  
One hour was allowed for the effects to wear off before data collection began.  
Recordings were taken from one hemisphere of the brain, depending on where 
the patient needed the device to be implanted, and the ECoG strip was placed on 
the same side as the deep brain stimulation lead with at least one electrode 
covering the primary motor cortex (M1).  Measurements were taken post 
implantation of the stimulator as the patient slowly became anesthetized.  
Propofol was administered intravenously with a goal plasma level of 
approximately 4 µg/mL after roughly fifteen minutes (Swann et al., 2016).   
An anesthesiologist analyzed consciousness every three minutes using 
the Modified Observers Assessment of Alertness/Sedation Scale (MOAA/S).  
The MOAA/S assigns a number between zero and five according to how 
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responsive the subject in question is to various physical and/or auditory stimuli.  
A rating of five means that the subject responds with a normal reaction time 
when their name is spoken at a normal volume.  A rating of four means there is a 
delay in their response to their name when spoken at a normal volume.  A rating 
of three on was given if they were only responsive after their name was called at 
a louder volume or repeated.  A rating of two means a response required 
physical stimulation such as poking and/or shaking.  A rating of one means they 
only responded after painful physical stimulation, and a rating of zero means that 
even painful physical stimulation did not elicit a response.  Induction stopped 
once the patient earned a MOAA/S score of zero (Swann et al., 2016).   
Subcortical-cortical interactions were determined based on their 
coherence and phase amplitude coupling (PAC).  Coherence is an assessment 
of how connected the oscillations of different networks are to one another.  It is 
believed that this synchronization reflects communication.  PAC is an event seen 
when the phase of a lower frequency oscillation “nests” within and drives the 
power of the “nested”, higher frequency oscillation and results in synchronization.  
PAC is also a measure of the connectivity between networks (Swann et al., 
2016).   
Coherence for frequencies in the 2-50 Hertz range with a 2 Hertz 
bandwidth were analyzed with a two-way FIR1 signal processing filter using data 
from the M1 ECoG and subcortical LFP.  This filter generated a number that was 
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then put through Hilbert Transform resulting in a filtered complex signal.  The 
auto-spectra and cross-spectra of this complex signal was then taken via 
Equation 1:  
 
𝐶𝑜ℎ (𝑓) =  
|𝑊𝑥𝑦(𝑓)|
√𝑊𝑥𝑥(𝑓) √𝑊𝑦𝑦(𝑓)
 
 
In this equation, x and y denote the cortical and subcortical regions of the brain.  
Wxx was the sum of the amplitude of the complex signal for one region of the 
brain over a designated period of time.  Wyy was the same calculation but for the 
other region.  Wxy was the sum of the complex signal of x multiplied by the 
conjugate of the complex signal of y.  After this analysis was done, it was found 
that coherence between the two regions’ beta bands decreased during the 
induction period (Swann et al., 2016).   
To calculate PAC, the PAC within M1 and the subcortical nuclei were first 
examined separately.  Then the PAC between the two regions was calculated by 
using the phase of the subcortical LFP and the amplitude from the M1, or 
cortical, ECoG.  It was found that the PAC of the beta band between M1 and the 
subcortical nuceli decreases during induction.  This occurs when the cortical 
amplitude and the subcortical phase are used for analysis.  The PAC within each 
individual region did not reveal any significant changes (Swann et al., 2016).  
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Another popular area of research is the connectivity of the default mode 
network (DMN) and how it changes under the influence of anesthesia.  This topic 
has been explored by comparing the connectivity of the PCC at three states of 
consciousness: awake, lightly sedated, and moderately sedated.  Functional MRI 
(fMRI) blood oxygen level dependent (BOLD) data was analyzed using a group 
level single sample t-test to determine which areas of the brain had activity that 
correlated with that of the PCC at each of the three stages.  BOLD is a contrast 
used in fMRIs that allows blood flow in the brain to be seen.  Changes in blood 
flow correspond to changes in neural activity.  More specifically, an increase in 
blood flow suggests increased activity.  Propofol is known to reduce cerebral 
blood flow in the PCC, thalamus, and basal forebrain.  This is important because 
these areas are thought to be related to information integration as well as 
mechanisms required for waking up (Stamatakis et al., 2010).   
Volunteers were infused with propofol at a computer-controlled rate in 
order to obtain three target plasma levels.  The first stage, awake, didn’t involve 
any propofol.  The second, light sedation, aimed for a plasma concentration of 
0.6 µg/mL, and the third stage, moderate sedation, was to be at a concentration 
of 1.2 µg/mL.  Two blood samples were taken at each level.  Sedation level was 
evaluated regularly and scored based on responsiveness to verbal instructions 
(Stamatakis et al., 2010).  Scores were obtained using the Observer’s 
Assessment of Alertness/Sedation Scale, or OAA/S.  As previously mentioned, 
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this scale assigns a number between zero and five, with five being the most 
responsive and zero the least, according to how responsive the subject in 
question is to various physical and/or auditory stimuli.  A five means that the 
subject responds with a normal reaction time when their name is spoken at a 
normal volume.  A rating of four means there is a delay in their response to their 
name when spoken at a normal volume.  A rating of three is given if they only 
respond after their name is called at a louder volume or repeated.  A rating of two 
means there is a response only after physical stimulation such as poking and 
shaking.  A rating of one means there is only a response after painful physical 
stimulation, and a value of zero is given if even painful physical stimulation does 
not elicit a response (Swann et al., 2016).   
All volunteers at a target plasma propofol concentration level of 0.6 µg/mL 
had an OAA/S score of four, meaning they lethargically responded to their name 
when a normal tone was used.  At the target level of 1.2 µg/mL, volunteers only 
responded after their name was called loudly which resulted in a score of three 
(Stamatakis et al., 2010).  
A group level one-sample t-test was done on the fMRI BOLD results 
comparing the different levels of sedation to the awake state.  Connectivity was 
determined by comparing the activity of different regions of the brain to that of the 
PCC.  If a particular area showed an increase in blood flow at the same time as 
the PCC it was said to be connected to it.  At the awake state, the PCC appeared 
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to be connected to the superior medial frontal gyri, precunei, lateral inferior 
parietal gyri, posterior hippocampus, and the parahippocampal gyri.  These are 
areas considered to be in the DMN.  At low and moderate levels of sedation, 
there is a decrease in connectivity to the medial prefrontal cortex and no 
significant change in connectivity to the DMN.  However, an increase in 
connectivity between the PCC and the pontine tegmentum, left supramarginal 
gyrus, left motor cortex, left somatosensory cortex, and the anterior cingulate 
cortex (ACC) was observed.  This is interesting due to the fact that these regions 
of increased connectivity aren’t part of the DMN (Stamatakis et al., 2010).     
The DMN does not show signs of correlated activity to the ACC in the 
awake state, but does during sedation.  To the pontine tegmentum and the 
precentral gyrus, an initial negative correlation at the awake baseline turns into a 
positive correlation during sedation.  Negative coupling to the left precentral 
gyrus becomes positive at moderate sedation.  The changes in these 
connections can be seen in Figure 2.  The change in connection to the pontine 
tegmentum suggests that under normal conditions, the pontine tegmentum 
hinders PCC activity when it is active in the awake state.  These normal 
mechanisms seem to be interrupted under the influence of propofol, when the 
correlation becomes positive and the activity of the regions becomes 
synchronized (Stamatakis et al., 2010).   
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Figure 2 Changes in PCC coupling: Left: Negative coupling seen in the awake state 
between the PCC and pontine tegmentum becomes increasingly positive with sedation. 
Middle: Nearly nonexistent coupling between the PCC and ACC in the awake state 
becomes positive with sedation. Right: Negative coupling seen between the PCC and 
left precentral gyrus in the awake state slightly decreases with low sedation and 
becomes positive with moderate sedation (Stamatakis et al., 2010).  
 
 
Frequency distribution plots using fMRI BOLD data were created in order 
to compare the power in the awake state to that of the moderately sedated state 
in the PCC and left precentral gyrus. An increase in overall power was seen with 
moderate sedation. There was an increase in power in all regions associated 
with an increase in activity, which suggests that these regions aren’t just 
becoming more active in an isolated manner, but that they are in fact enhancing 
their connectivity to the other regions previously mentioned (Stamatakis et al., 
2010).  
In addition to directly comparing connectivity at awake and sedated states 
using the predicted plasma propofol levels as discussed above, a regression 
analysis was done to compare connectivity to measured plasma propofol 
concentrations. As was seen with the predicted propofol levels, it was found that  
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connectivity was not significantly altered within the DMN, but rather a significant 
increase was seen in connectivity between the PCC and areas outside of the 
DMN.  It was also found that connectivity increased between the PCC and the 
pontine tegmentum, cuneus, and the anterior thalamus (Stamatakis et al., 2010).  
These connections are of particular interest due to their association with arousal 
networks (Swann et al., 2016).  
The strengthened connection between the PCC and thalamus is 
especially noteworthy because it may be a reflection of the slow oscillations that 
are thought to occur during sleep.  These slow oscillations disrupt the 
thalamocortical communication that occurs with normal brain function which 
leads to a decrease in responsiveness.  The fact that it is the anterior portion of 
the thalamus that is especially active is significant because lesions in this region 
have been associated with anterograde amnesia.  These lesions reduce the 
amount of viable tissue which results in decreased function.  The increased 
interaction with the PCC could be preventing the thalamus from its normal tasks, 
making it behave in a similar manner to when it has damaged tissue (Stamatakis 
et al., 2010).   
Another study with the objective of finding out more about DMN 
connectivity was done on healthy and conscious, minimally conscious, and 
vegetative individuals.  In this study, fMRI and dynamic causal modeling (DCM) 
were used to evaluate the effective connectivity between regions of the brain.  
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DCM evaluates effective connectivity based on functional connectivity.  It does 
this by estimating how the rate of change of a hemodynamic response in one 
region affects the response in another.  The goal was to investigate connectivity 
differences between the different states of consciousness.  It was found that the 
connectivity within the DMN was significantly lower in those who were minimally 
conscious or in a vegetative state compared to those who were conscious and 
healthy (Crone et al., 2015).  
The inhibitory self-connections within the PCC were also weaker in 
vegetative patients compared to both minimally conscious and conscious 
patients.  Differences were seen in the connections between the PCC and other 
nodes of the DMN as well.  The nodes examined were the medial frontal cortex 
and the lateral inferior parietal lobules.  It was found that conscious patients 
showed strong excitatory connections from the nodes to the PCC and negative, 
inhibitory, feedback from the PCC to the nodes.  In minimally or completely 
unconscious patients, this inhibitory feedback from the PCC is not present. A 
schematic of these connections can be seen in Figure 3 (Crone et al., 2015).  
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Figure 3 Node Connectivity: Schematic of connections seen between the medial frontal 
cortex, lateral inferior parietal lobules, and the PCC (Crone et al., 2015).  
  
Observing the transition of a conscious to unconscious brain and looking 
for markers that could be used in clinical settings is another popular area of 
research.  One study in particular used EEGs on volunteers before, during, and 
after sedation using propofol. The structures of multiple brain networks were 
examined in order to identify the effects of the anesthetic.  Brain networks were 
defined as patterns of connectivity that could be detected with an EEG. These 
electrical patterns are from cortical networks.  The debiased weighted Phase Lag 
Index (dwPLI) was used to determine connectivity between them.  This type of 
analysis measures the asymmetry of the phases between two signals in order to 
determine the lag between them.  Differences between the various networks 
could be quantified by comparing their characteristic path lengths and their 
clustering, participation, and modularity coefficients at each sedation level.  This 
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was done using the EEG channels as network nodes and the dwPLI as links 
between them (Chennu et al., 2016).   
The clustering coefficient is a measure of local efficiency.  A high value 
equates to an efficient transfer of information.  The modularity coefficient is an 
indicator of the density of connections within a module.  A high value represents 
increased connections within a module and fewer between modules of other 
networks. The participation coefficient measures the diversity of connections 
between modules of individual nodes.  The characteristic path length gives the 
average shortest path length in a network (“Tobacco Smoking,” 2009). 
An EEG was performed on healthy volunteers prior to propofol 
administration in order to obtain baseline measurements.  They were then 
infused using a computerized syringe with enough propofol to obtain a pre-
determined mild sedation blood plasma concentration.  The same was later done 
for a moderate sedation state.  Time was allowed at each state for plasma 
concentrations to equilibrate before the EEGs were done.   
Behavioral analysis was performed at each sedation state.  The 
volunteers were asked to differentiate between a buzz and a non-buzzing noise 
by hitting a button.  Those who were deemed behaviorally impaired at the 
moderate sedation state were put into the drowsy group while those who were 
not impaired were put in the responsive group.  Behavioral impairment was 
determined using a binomial distribution to analyze hit rates at the baseline and 
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moderately sedated states.  Hit rates were defined as the percentage of correct 
responses to the stimuli.  Volunteers with a confidence interval that was lower 
than the one created at baseline were considered to be behaviorally impaired 
(Chennu et al., 2016).   
At baseline, both the drowsy and responsive groups showed strong 
connectivity in their frontocentral and occipital modules.  However, in the drowsy 
group, there was a change in alpha connectivity with a shift to oscillations 
focused in the frontal module once moderate sedation was reached.  This is 
indicative of a shift in alpha power.  There was also a statistically significant 
reduction in the median dwPLI seen in the frontal alpha band during mild and 
moderate sedation.  Further disrupting information transfer, the modularity 
increased and the clustering coefficient decreased in the frontal alpha networks.  
An increased modularity coefficient means there is an increase in connections 
between nodes within the module, and fewer connections to modules of other 
networks.  A decreased clustering coefficient means there is less local efficiency. 
A decrease in small-worldness was also observed.  In this study, small-
worldness was defined as the ratio of clustering to path length and is an indicator 
of the efficiency of cortical networks.  These results, in combination with a lack of 
hub nodes and a decreased participation coefficient, suggest that under these 
conditions the individual networks are less connected to an integrated network.  
In the responsive group, a decrease in clustering was seen during moderate 
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sedation, but the decrease was not significant.  The path length was significantly 
higher during mild and moderate sedation (Chennu et al., 2016).  
 
 
Figure 4 Alpha Band Parameters: (A) The responsive group has a higher clustering 
coefficient at all levels of sedation. (B) Reaction time decreases as the clustering 
coefficient increases relative to baseline. (C) The characteristic path length is higher in 
the drowsy group at all stages of sedation.  (D) Characteristic path length relative to 
baseline increases with increasing reaction time. (E) Modularity is higher in the drowsy 
group through moderate sedation. Modularity is nearly equal between the two groups at 
the recovery stage. (F) The participation coefficient is higher in the responsive group 
until recovery when it is higher in the drowsy group (Chennu et al., 2016).   
 
 Alpha network breakdowns are seen across a wide variety of anesthetics, 
but anesthetics such as sevoflurane and ketamine do not show predictable EEG 
oscillations.  Only with the use of propofol is there a consistent increase in frontal 
alpha networks (Chennu et al., 2016).   
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The differences seen in the alpha network are advantageous because 
they are able to predict propofol sensitivity.  At baseline, those in the drowsy and 
responsive groups had the same alpha power topology and strength as well as 
behavioral responses.  They also had the same beta and gamma power and 
connectivity.  That being said, there were some differences seen between the 
two groups, and these differences were observed even when the volunteers 
appeared to be the same in terms of reaction times and occipital alpha power.  
Those in the drowsy group possessed alpha networks that were less clustered, 
less small-worldly, and more modular than those in the responsive group 
(Chennu et al., 2016). 
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Figure 5 Alpha Band: Average alpha band topography at each sedation level in the 
responsive (A) and drowsy (B) groups. Arc height between two intra-modular nodes 
reflects the strength of the dwPLI between them. Arc colors identify the different 
modules. The connectivity of the alpha band remained fairly constant in the responsive 
group, but changed significantly with sedation in the drowsy group (Chennu et al., 2016). 
 
To see what kind of affect baseline small-worldness has on 
responsiveness at moderate sedation, hit rates were compared between those 
with higher than average baseline small-worldness and those with lower than 
average baseline small-worldness values. At moderate sedation and with similar 
propofol concentrations in their blood, those with higher than average baseline 
small-worldness were alert while those who were below average did not. This is 
interesting because those with below average small-worldness also have weaker 
baseline alpha networks, which means that at similar propofol concentrations, 
those with weaker alpha networks become unresponsive sooner than those with 
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networks that are more robust and that drug levels are not correlated with 
responsiveness (Chennu et al., 2016).   
An analysis was done of the PAC between the alpha power and the slow 
oscillations seen during anesthesia.  This was done for both groups.  At baseline, 
both the drowsy and responsive groups had comparable temporal coupling 
between the phases of the alpha power and slow oscillations and it was negative 
for the occipital channels.  The occipital alpha power was distributed evenly 
throughout the slow phase or greatest near the slow oscillation’s trough at 
baseline, which resulted in a negative PAC.  These baseline measurements 
persisted through mild sedation.  Once moderate sedation was achieved, the 
drowsy group switched to peak-max positive PAC with alpha power being highest 
at the slow oscillation peaks.  A positive correlation was seen between drug 
concentration in the blood and PAC only at this level of sedation.  Phase coupling 
switched back to negative at recovery.  These results mean that although there 
was not a significant correlation between PAC and reaction times, there was a 
correlation between PAC and drug concentration at moderate sedation (Chennu 
et al., 2016).   
Electrocorticography (ECoG), local field potentials (LFPs), and single units 
were used in another experiment that also looked into the changes of neural 
networks after propofol infusion.  LFPs are unique as they are done deep within 
cortical tissue and record the electrical potential of the extracellular space around 
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neurons (Destexhe & Bedard, 2013).  Single units use microelectrodes to 
measure the voltage change during an action potential of a single neuron (54).  
To do this, patients who were already scheduled to undergo neurosurgery had 
the necessary electrodes implanted into their brains and were asked to respond 
to auditory stimuli by pressing a button.  The time when patients stopped 
responding to the stimuli was termed loss of consciousness (LOC) (Lewis et al., 
2012).  
In the post-LOC spectra there was an increase in delta and gamma 
power, a coherent rhythm appeared in the frontal cortex, and burst suppression 
was observed.  Slow oscillations, of less than 1 Hz, were also seen and have 
previously been associated with deeply anesthetized subjects.  Slow oscillations 
are not exclusively seen post-LOC, but they experience a dramatic increase in 
power that occurs at the transition between pre and post-LOC.  The increase in 
power remained during the entire recording.  Changes in power were also looked 
for and observed at other frequencies, but did not remain constant.  These slow 
oscillations are important because they are phase-coupled to neuronal spiking 
post-LOC.  Between these phases of high neuronal spike activity exist long 
periods of spike suppression (Lewis et al., 2012). 
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Figure 6A* Slow Oscillations: Abrupt increase in power of LFP slow oscillations seen at 
the transition between pre and post LOC. *The “A” is an artifact from the original image 
(Lewis et al., 2012). 
 
To compare and contrast the relationship between the slow oscillations 
pre and post LOC, ECoG recordings were taken and their phase relationships 
were analyzed using the phase-locking factor (PLF).  PLF compares the offset 
between two oscillations and generates a value between zero and one with zero 
indicating an entirely variable offset and one indicating a constant phase offset.  
The magnitude of the PLF did not change much post-LOC compared to pre-LOC, 
but there was a small increase in PLF indicating a slightly enhanced relationship 
between the oscillation phases.  When the PLF was calculated between more 
distant areas, the magnitude decreased, demonstrating a less constant phase 
offset.  The mean phase offset of these distant regions was calculated to range 
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from 0 to π. This is noteworthy because an offset as much as π/4 is equivalent to 
roughly 250 milliseconds of lag, which means that the slow oscillations between 
distant regions were often at different phases which suggests an interruption in 
communication (Lewis et al., 2012). 
 
	
	
	
Figure 7 Pre- and Post-LOC: Distant and nearby slow oscillation EcOGs, local field 
potential channel, and mean spike rate compared pre- and post-LOC. Mean spike rate 
during pre-LOC is significantly higher than post-LOC where it experiences long 
interruptions. The arrows indicate expected high points of local spike rate, also known as 
phase zero. For the post-LOC nearby oscillations, spiking typically overlaps with the zero 
phase. This is the “ON” period. The “E” is an artifact from the original image (Lewis et al., 
2012). 
 
 
 
 
DISCUSSION 
We know that propofol affects normal brain activity by acting as a GABAA 
agonist which increases central nervous system inhibition (Stamatakis et al., 
2010). In addition to this, the HCN2 channels of thalamocortical neurons are 
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We know that propofol affects normal brain activity by acting as a GABAA 
agonist which increases central nervous system inhibition (Stamatakis et al., 
2010).  In addition to this, the HCN2 channels of thalamocortical neurons are 
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sensitive to propofol.  We can see this by comparing the cation current, Ih, in 
thalmocortical neurons with and without propofol in the bath solution.  This 
sensitivity causes suppresses Ih conductance and creates a dramatic 
hyperpolarizing shift.  Another reason to believe propofol is modulating these 
currents is by comparing the effects seen with propofol to those seen with the Ih 
blocker ZD7288.  Because the two have nearly identical effects, it is safe to 
assume the HCN2 channels, being the source of Ih, are sensitive to propofol.  
Interestingly, these channels are not found in the hippocampus which leads to 
the assumption that propofol does not directly act in this location.  This is 
somewhat surprising considering the role the hippocampus plays in memory and 
the amnesia seen with propofol use.  Therefore, it must be the case that although 
propofol doesn’t directly act on the hippocampus, it must indirectly affect it.  The 
thalamus does possess HCN2 channels, so changes in Ih current lead to 
changes in thalamic activity.  Since consciousness is associated with recurrent 
patterns of electrical activity in the thalamus, altering this current leads to the 
inhibition commonly seen with the use of propofol (Ying et al., 2006).  It is also 
worth noting that these findings emphasize the importance of the thalamus when 
it comes to consciousness and that perhaps the thalamus is a main target for this 
anesthetic.   
Propofol acts directly on thalamocortical neurons resulting in impaired 
function.  The consequences are reflected by changes in neural networks.  The 
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BGTC loop is a neural network that presented multiple deviations from its normal 
state.  The decreases seen in beta band coherence and PAC with increased 
sedation suggest an overall reduction in interactions within the BGTC loop and a 
disconnection between cortical and subcortical regions.  Although there were 
changes in other bands as well, the beta band was the only one that changed in 
a consistent manner.  This is significant because the motor cortex communicates 
with other brain networks through alpha-beta frequencies, which is reflected in its 
alpha-beta oscillatory activity, and although there is a lot about the brain that is 
not very well understood, it is widely believed that one aspect of 
unconsciousness is a loss of robust connections between different parts of the 
brain.  Therefore, changes in the beta frequency are not only likely to hinder 
connections within the motor cortex itself, but also communication between the 
motor cortex and other regions of the brain.  Support for this belief is found in 
part by functional imaging done on patients with head trauma who have shown 
an increase in cortical-subcortical connectivity that is positively correlated with 
increased consciousness (Swann et al., 2016).   
  The default mode network (DMN) is especially researched due to its ties 
to consciousness.  Since the posterior cingulate cortex (PCC) is considered to be 
central to processing information from regions all over the brain, changes in its 
connectivity are of particular interest.  While the connections within the DMN stay 
relatively constant, the PCC becomes more connected to regions outside the 
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DMN under the influence of propofol.  These connections include the pontine 
tegmentum, left supramarginal gyrus, left motor cortex, left somatosensory 
cortex, the anterior cingulate cortex (ACC), and the thalamus.  Similar studies 
have been done in the past and have even produced different results.  Some 
show an increase in sedation associated with an increase in connections 
between the PCC and regions within the DMN rather than increased connectivity 
to structures and networks outside of it.  One possible reason for this is that 
levels of sedation as well as the type of anesthetic used can both have an impact 
on connectivity (Stamatakis et al., 2010).   
There are multiple possible explanations as to why the results in the study 
discussed were observed.  For example, it is thought there could be movement 
related artifact at light levels of sedation that would manifest as increased 
sensorimotor connectivity.  However, this is unlikely because there were not any 
significant changes in movement of the volunteers between any of the three 
levels of sedation examined.  The information integration theory of 
consciousness could also be a valid explanation.  According to this theory, the 
efficiency of information integration decreases when there appears to be more 
synchronization across the brain, between networks, which could initially appear 
to suggest an increase in communication.  The increased wide-spread 
connectivity is thought to be a reflection of decreased local neural activity.  
Therefore, an increase in connectivity outside of the DMN may be a 
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representation of this theory and those regions that become more connected to 
distant areas of the brain are likely decreasing their own local neural activity 
(Stamatakis et al., 2010).  
Something else worth mentioning about the DMN is the decrease in 
inhibitory self-connections within the PCC that is seen with sedation.  Without this 
inhibition, the PCC does not have anything regulating its strength and activity.  
Weaker inhibition in the PCC is also associated with stronger oscillations.  The 
strength of these oscillations is linked to behavioral consciousness: stronger 
oscillations are seen in those with less responsive behavior.  This is reflected by 
the fact that a reduction in inhibitory self-connections is characteristic of coma 
patients (Crone et al., 2015).  This inhibition could be why the PCC makes more 
connections that aren’t seen or are not as prominent in the awake state.  For 
example, the PCC makes strong connections with the thalamus and pontine 
tegmentum when sedated.  Both of these structures are associated with 
consciousness and arousal which suggests that an additional, and strong, 
connection to the PCC may be affecting their normal information processing (2).  
This could also be as a result of a decrease in local network efficiency, as was 
suggested by the information integration theory of consciousness (Crone et al., 
2015).  
When compared to the awake state, an increase in power was seen in the 
PCC and left precentral gyrus with moderate sedation.  This finding is substantial 
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because there was an increase in power in all regions associated with an 
increase in activity.  Increases in activity were seen by an increase in blood flow.  
This suggests that these regions are not simply becoming more active on their 
own, but in conjunction with the other regions previously mentioned (Stamatakis 
et al., 2010).   
An important hypothesis to consider when examining BOLD data is 
whether or not there could be changes in cerebral blood flow due to the drug 
used rather than a change in activity.  While inhaled anesthetics can alter blood 
flow, intravenous drugs do not, so the increases seen are likely as a result of 
increased activity (Stamatakis et al., 2010).   
Slow delta oscillations are generated in many regions of the brain during 
propofol-induced unconscious.  The phase alignment of these oscillations 
between regions becomes increasingly sporadic with distance which is 
problematic because an interruption in communication is seen when the 
oscillations are in different phases.  The difference in phases, or phase lag, was 
measured to range between 0 and π.  An offset of just π/4 is equal to 250 
milliseconds of lag, making a phase lag of π quite significant.  In addition to 
phase lag, periods of spike suppression also result in lapses in communication.  
This further supports the idea that propofol disrupts regular brain activity and 
network communication (Lewis et al., 2012).   
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Gamma power is also found to increase with loss of consciousness, which 
is interesting since gamma waves are thought to increase synchronization across 
the brain by way their sweeping wave-like motion (Lewis et al., 2012).  It seems it 
would have made more sense to see a decrease in gamma power since the 
neural networks are experiencing so much fragmentation.  Perhaps the increase 
in power seen in gamma waves is a result of the increase in power of the 
thalamus that is seen with the increase in activity highlighted by enhanced blood 
flow during sedation (Stamatakis et al., 2010).  This would explain the power 
increase, but not why the result isn’t more synchronization across the brain.   
It has been found that those who become unresponsive the fastest have 
stronger frontal alpha power once sedated.  The increase in frontal power is due 
to a shift from the occipital lobe and is also seen in those who remain responsive 
for a longer period of time, though not as extreme.  This shift is especially 
important because a decrease in occipital power is seen with deteriorating 
behavior. While sedated, the networks of these propofol-sensitive people also 
experience decreased local efficiency, or clustering, and are declared less 
“small-worldly”.  As mentioned before, the term small-worldness is a measure of 
network efficiency and is used to describe the ratio of clustering to path length.  
This is a distinguishing characteristic that can be observed at baseline.  Those 
who have high small-worldness remain responsive longer than those who do not, 
which supports the idea of an increase in efficient communication being seen 
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with an increase in small-worldness.  It is important to take note of the fact that 
these network and behavioral differences occur even when nearly identical 
plasma propofol concentrations are measured, abolishing the idea of a positive 
correlation between drug concentration and impaired behavior (Chennu et al., 
2016).  Because of this, it is reasonable to assume there are inherent differences 
in brain function that determine the responses to a drug.   
While plasma propofol concentration was not found to correlate with 
behavioral deterioration or network differences, there does appear to be a 
correlation between concentration and the PAC of alpha power and the slow 
oscillations previously mentioned.  Occipital alpha power at baseline was either 
distributed evenly throughout the slow phase or greatest near the slow 
oscillation’s trough, which resulted in a negative PAC.  At moderate sedation, the 
drowsy group switched to peak-max positive PAC with alpha power being highest 
at the slow oscillation peaks.  The switch from trough-max slow-alpha PAC to 
peak-max is a key feature of the transition between consciousness and 
unconsciousness and can be seen in frontal EEG channels (Chennu et al., 
2016).  Another feature of the transition to unconsciousness is a significant jump 
in power of the slow delta oscillations.  While these oscillations exist in the 
conscious brain, their power greatly increases at the transition point and remains 
high until consciousness is regained (Lewis et al., 2012).   
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FUTURE 
Preventing over sedation is important because it prevents an array of side 
effects that can occur when the concentration of propofol becomes too high in 
the body (“Diprivan,” 2008).  These side effects can range from potentially fatal 
such as severe respiratory depression, to benign yet bothersome in the form of 
nausea. However, it is also important not to administer too little propofol in order 
to prevent anesthesia awareness.  Anesthesia awareness is defined as having a 
clear memory of events that occurred during surgery.  These experiences can 
range from being able to hear conversations during the operation while remaining 
paralyzed and without any sort of physical sensation, to feeling pressure or pain.  
Although these occurrences are rare, the fact that they occasionally happen 
means researching methods of prevention is necessary (55).  There are risk 
factors believed to increase the likelihood of this awareness happening, but these 
incidences are not strictly associated with them.  Risk factors include but are not 
limited to anticonvulsant, benzodiazepine, or opiate drug use, pulmonary 
hypertension, aortic stenosis, and open-heart surgery.  In addition to the risk 
factors that are known, there is always the possibility of a genetic factor that can’t 
be detected.  For instance, drug metabolism can vary from person to person, 
making it difficult to know exactly how a patient will respond to a particular dose.  
There could also be an inherent neural network difference that heightens 
susceptibility such as a weak alpha network, as previously mentioned.   
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Understanding how neural networks change is helpful because with the 
right tools this knowledge can be used to detect depth of sedation.  It could be 
helpful to be able to identify when loss of consciousness occurs in a clinical 
setting.  A patient undergoing general anesthesia could be monitored for 
awareness during an operation which could potentially be even more accurate 
than relying exclusively on behavioral observations.  Things that could be looked 
for include characteristics of the transition point such as the increase in the 
power of the slow delta oscillations or the change from negative trough-max to 
positive peak-max PAC of the alpha power and slow oscillations (Lewis et al., 
2012; Chennu et al., 2016).  Perhaps there could even be a pre-screening 
process during which alpha networks could be analyzed.  Patients who present 
with robust networks require more propofol in order to achieve sedation, which 
would be helpful to know in a clinical setting.  These indicators on their own, as 
well as in combination, could give anesthesiologists a better idea of how 
approximately how large of a dose is required and how sedated their patient is 
throughout an operation. 
Two types of monitoring currently used to observe the depth of anesthesia 
are bispectral index (BIS) and end-tidal anesthetic agent concentration (ETAC).  
BIS uses a single frontal EEG signal to generate a dimensionless number that 
suggests a level of consciousness.  This number is based on a weighted-sum of 
multiple EEG factors such as time and frequency (Alkire, 1998). The scale 
 43 
 
ranges from 0, no detectable brainwaves, to 100, awake.  The target range is 
between 40 and 60.  ETAC measures the exhaled anesthetic concentration.  The 
minimum alveolar concentration (MAC) is the concentration needed to prevent 
50% of patients from responding to surgical stimuli.  The target range is ETAC > 
0.70 MAC (55).  
There is debate over which method is better at preventing awareness and 
unfortunately, regardless of the type of monitoring chosen, awareness can still 
occur.  One study compared the two methods on a group of high risk patients 
and found that ETAC was slightly better at preventing awareness (55).  However, 
it was speculated that the two in conjunction could produce even better results 
which leads to the question of how low the risk of awareness could be if an 
additional method of monitoring was applied.  For example, BIS analyzes EEG 
factors, but does not take phase into consideration (Chennu et al., 2016).  Phase 
analysis would be an additional layer of security.   
Other areas of research could also benefit from an expanded knowledge 
of anesthesia.  Learning more about alterations in the timing of brain circuits 
during anesthesia could provide insight as to how certain neurological diseases 
work that present similar symptoms, such as Parkinson’s.  How do the changes 
seen neural networks during anesthesia compare to those seen with 
neurodegenerative diseases?  
 44 
 
The comparison between sleep and anesthesia is a fascinating area of 
study.  Similarities exist between the two, but there are clearly some substantial 
differences.  Why is it that you can’t simply shake someone awake when they are 
under general anesthesia?  What is it that suppresses all of our senses?  More 
often than not, when someone is asleep, their auditory system remains intact 
allowing them to wake up to alarms and other loud noises.  Operating rooms are 
far from quiet, yet patients who are not experiencing anesthesia awareness don’t 
even notice.  Why is dreaming is not uncommon during sleep, but is uncommon 
under anesthesia?  And how do the two, anesthesia and sleep, compare to a 
comatose brain?  Throughout this review, similarities between comatose brains 
and sedated brains have been pointed out, but once again, there certainly are 
differences in neural function that make them distinctive states.  The more we 
know about the brain under any one of these conditions, the more we can 
discover about them all.  Space is hardly the final frontier when there is so much 
left undiscovered in your own skull.   
 
CONCLUSION 
Propofol is able to cause a loss of consciousness by inhibiting the Ih 
current in HCN2 channels.  This inhibition leads to an increase in the 
hyperpolarization of the thalamocortical neurons, which results in delayed and 
therefore altered delta oscillations (Ying et al., 2006).  These oscillations involve 
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spiking which is periodically suppressed during sedation.  While local oscillations 
remain closely in phase with these bursts, more distant oscillations do not.  This 
same burst firing also experiences prolonged periods of suppression, leading to 
even more of a delay in oscillatory activity.  This leads to significant phase offsets 
which result in fragmentation by isolating neural networks.  These delta 
oscillations are significantly more powerful during sedation, and the sharp 
increase that can be seen in their power is indicative of loss of consciousness 
(Lewis et al., 2012). 
 Another indicator of loss of consciousness can be seen in frontal EEG 
channels by way of PAC analysis of alpha power and slow oscillations.  Negative 
trough-max PAC exists at baseline, but switches to positive peak-max PAC 
during moderate sedation.  Interestingly, this only occurs in those who are more 
sensitive to propofol.  Propofol sensitivity can be detected at baseline and is 
represented by a weak alpha network that is not very small-worldly.  During 
sedation, sensitivity exposes itself yet again by exhibiting a more dramatic shift of 
occipital alpha power to frontal alpha power and decreased local efficiency which 
is embodied by a reduced clustering coefficient (Chennu et al., 2016).  
Observable differences in network connectivity and function could be helpful in 
preventing anesthesia awareness.   
The thalamus is crucial when it comes to communication between the 
cortical and subcortical areas of the brain, and communication between these 
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two parts is part of what creates consciousness as we know it.  Propofol leads to 
a breakdown in the BGTC loop, which hinders cortical and subcortical 
communication.  This breakdown is a result of decreases seen in beta band 
coherence and the PAC between subcortical and cortical regions of the loop.  
Because the phases are less coupled, communication is choppy and less 
efficient.  The motor cortex communicates with other brain networks via alpha-
beta frequencies, which makes a reduction in beta bad coherence significant 
because it suggests a decline in strong connections to other regions of the brain.  
This also contributes to neural network fragmentation (Swann et al., 2016). 
Although this fragmentation is seen, there are instances of increased connectivity 
to outside networks during sedation.  The DMN is an example of this.  However, 
the increased connections made by the DMN to outside regions during sedation 
are not representations of efficient global communication.  These extra 
connections decrease local efficiency resulting in local network deterioration and 
an overall decrease in efficient network interactions (Stamatakis et al., 2010).  
If one thing can be learned from the previously discussed studies, it is that 
timing is everything.  The timing of our neurons affects the timing of our neural 
networks.  When these temporally impaired networks attempt to interact with one 
another, a perfect storm of inefficient communication is created and loss of 
consciousness is achieved.   
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